An increase in the incidence of clinical cases of Clostridium difficile infection has been reported in recent years, but few studies have examined changes in molecular epidemiology and antibiotic resistance over a long period of time. A collection of 179 isolates of C. difficile obtained from symptomatic adult patients in southern Scotland between 1979 and 2004 was used to determine changes in the prevalence of epidemiological types and antibiotic susceptibilities to common antibiotics. PCR ribotyping and MIC determination were performed on all isolates. A total of 56 different ribotypes were identified, among which ribotype 002 was the commonest type overall (14 .0%), followed by ribotypes 014 (7.3 %), 012 (5 .0%), 015 (5.0 %), 020 (5 .0%) and 001 (4.5 %). Ribotype 078 was also identified. The 10 commonest ribotypes comprised 55 % of the total isolates. Ribotype 001 increased in prevalence from 1.5 to 12.2 % over the study years, whereas the prevalence of ribotype 012 decreased from 8.7 to 2 .0%. Resistance to clindamycin, erythromycin and ceftriaxone was found in 95.5, 14.0 and 13.4 % of isolates, respectively. Resistance to vancomycin or metronidazole was not detected. Thirty-two (17.9 %) and 14 (7.8 %) isolates were resistant to two and three or more antibiotics, respectively. Ribotype 001 displayed maximum resistance, with 50 % of isolates resistant to erythromycin, moxifloxacin and ceftriaxone, and 100 % resistant to clindamycin. Over the 26 years of the study, antibiotic resistance and ribotype prevalence have changed, and antibiotic pressures may have been the major driver of this change.
INTRODUCTION
Clostridium difficile has been recognized as a cause of antibiotic-associated diarrhoea since 1978, but has become an infection control emergency more recently as the incidence and severity of cases have increased (Barbut et al., 2007; Pépin et al., 2004) . There are also reports of increased mortality due to some epidemiological strains such as ribotype 027 (Cookson, 2007) .
The incidence of C. difficile infection in England and Wales increased sixfold in the period from 1990 to 1993 (Settle & Wilcox, 1996) . In Scotland, the total number of reported cases increased from 214 to 2130 during the period from 1988 to 2000 (Lee et al., 2001 ).
The major hypothesis towards the cause of the rising incidence of C. difficile infection is the increasing use of broad-spectrum antibiotics (Dallal et al., 2002; Kyne et al., 2002) . It is postulated that antibiotics disrupt the normal flora of the colon and make the intestinal environment susceptible to C. difficile colonization. The evidence implicating antibiotics in the pathogenesis of C. difficile infection is overwhelming, although some antibiotics such as penicillins, cephalosporins and clindamycin are more strongly associated than others (Schroeder, 2005; Wiström et al., 2001) .
Few studies (Ackermann et al., 2003b; Climo et al., 1998; McDonald et al., 2005; Schmidt et al., 2007) have looked into the long-term changes in epidemiology and susceptibility patterns of C. difficile in a defined geographical region, largely due to a paucity of isolates available for retrospective study. This is because direct toxin detection from stool samples, without microbiological culture, is sufficient for clinical diagnosis. The aim of this study was to utilize our extensive collection of C. difficile isolates to observe how the prevalence of epidemiological types has changed since 1979 and how their resistance to antibiotics may have influenced the changes. UK, between 1979 and 2004 . Most of these strains were referred from laboratories throughout Scotland as well as other parts of the UK, as our laboratory was recognized as the Scottish Anaerobe Reference Laboratory for much of this period. The isolates submitted included those from sporadic cases and from small and large outbreaks, and therefore represented an unbiased strain collection. A set of 179 of these isolates was selected for this study, and the criteria for choosing these were that they were derived from stool samples of clinically ill adult patients admitted to hospitals around southern and central Scotland, mainly in the Lothian, Strathclyde and Fife regions. As information available for these strains included date and place of isolation and a brief clinical history of the patient from whom they were isolated, any duplicate isolates from the same patient or isolates that appeared to be part of an outbreak from which an isolate had already been selected were excluded.
Toxigenesis. Prior to this study, isolates had been tested for toxin production by a cytotoxin assay or toxin A+B ELISA (Tech Lab) on pure cultures before being stored in a lyophilized form. For this study, toxigenesis was confirmed using the toxin A+B ELISA.
Ribotyping. The PCR ribotyping technique described by O'Neill et al. (1996) was used in this investigation with the modifications suggested by the NPHS Anaerobe Reference Laboratory, Cardiff, Wales, UK (Hastings, 2006) . Briefly, the changes included a reduction in the reaction volume from 100 to 50 ml. The new amplification protocol involved initial denaturation at 95 uC for 2 min, followed by 30 cycles of amplification with denaturation at 92 uC for 1 min, annealing at 55 uC for 1 min and extension at 72 uC for 1.5 min. An additional amplification cycle consisted of 95 uC for 1 min, 55 uC for 45 s and 72 uC for 5 min. PCR products were concentrated at 75 uC for 45 min. Gels were run at 60 V and 200 A for 3 h. Ribotypes of the isolates were identified using GelCompar II software (Applied Maths).
Antibiotic susceptibility testing. Antibiotic susceptibility tests were performed by the MIC method following the Clinical and Laboratory Standards Institute (CLSI; formerly the National Committee for Clinical Laboratory Standards) reference agar dilution method (NCCLS, 2004) . C. difficile NCTC 11223, strain 338a (a locally endemic strain), strain 630 and a known ribotype 027 from Amsterdam (resistant control for moxifloxacin) were used as controls for every batch. The MICs of these strains were known from previous studies (Drummond et al., 2003; Mutlu et al., 2007) .
MICs were determined against the following antibiotics: metronidazole (0.5-32 mg ml ) and moxifloxacin (0.25-32 mg ml
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). As the manufacturers (Bayer) could not supply moxifloxacin powder, we used parenteral moxifloxacin. This method, although not recommended by the CLSI, has been compared in our laboratory against moxifloxacin E-test strips (AB Biodisk) and the results found to be comparable (E. Mutlu, unpublished data). The breakpoints used (see Table 2 ) were adapted from CLSI criteria for anaerobes and previously published data (Mutlu et al., 2007; NCCLS, 2004 
RESULTS AND DISCUSSION

Ribotype prevalence
A total of 179 selected isolates were studied, of which 147 were toxigenic and 32 non-toxigenic. Among these, 56 different PCR ribotypes were identified, of which 44 were toxigenic, 11 were non-toxigenic and one comprised both toxigenic and non-toxigenic ribotypes (Table 1) . Ten of the commonest ribotypes comprised 55 % of the total. Both toxigenic and non-toxigenic variants were found for ribotype 026. To be able to observe changes in the distribution of ribotypes over time and subsequently antibiotic resistance patterns, the isolates were divided into groups covering three time periods: A, 1979-1986 (69 isolates); B, 1987-1995 (61 isolates); and C, 1996-2004 (49 isolates) . These are summarized in Table 1 .
The commonest isolate overall was ribotype 002 with a total of 25 isolates, and this remained the commonest isolate in all three time periods individually at around 14 %. A study from the same region in 2005 (Mutlu et al., 2007) reported that the incidence of ribotype 002 had fallen to 2.0 %. Ribotype 014 was the next most common type overall, but it decreased in incidence from time period A (8.7 %) to C (6.1 %). Mutlu et al. (2007) reported a further decrease to 2.7 % in 2005.
In contrast, ribotype 001, which was the sixth most common isolate overall, increased in incidence from period A (1.5 %) to C (12.2 %). Mutlu et al. (2007) reported a 75.8 % incidence of ribotype 001 in 2005, suggesting that the epidemiology of this region had been changing in recent years and that ribotype 001 had emerged as the most common isolate. This may indicate a sudden clonal expansion of this ribotype in the patient population studied in 2005, although the authors suggested that this was not the case. An earlier study in the same area of Scotland by McCoubrey et al. (2003) , where isolates were collected between 1999 and 2000 and which utilized S-layer typing, revealed that a single S-type (5236) was the endemic strain and accounted for 73 % of the isolates. Stype 5236 is the equivalent of ribotype 001 (McCoubrey, 2002) . Recent data from Health Protection Scotland suggest that ribotype 001 decreased in prevalence to 18.5 and 24.5 % in 2006-2007 and 2007-2008, respectively . Ribotype 106, although not identified in our study, was found to comprise 8.1 % of the isolates studied by Mutlu et al. (2007) in 2005, and the overall incidence in Scotland (Health Protection Scotland, 2009) was reported as 64 % in 2006-2007 and 37.6 % in 2007-2008 , making it the commonest ribotype in Scotland today (Health Protection Scotland, 2007 ).
In our study, there were similar numbers of ribotypes in all periods: 36 different types in the first period (n569), 31 in the second (n561) and 24 in the third (n549), out of a total of 56 in all periods. Mutlu et al. (2007) reported only 15 different ribotypes among the 116 isolates they tested, but that study was from a more restricted geographical area. When the numbers of the most prevalent ribotypes (defined as a ribotype to which ¢4 % isolates in the respective study period belonged) were compared over the different periods, only seven and six ribotypes were found in the earlier two periods, respectively, compared with 12 in the latter-most period. Conversely, when ribotypes not appearing in the period were counted, there were 32 'missing' from the later period compared with 20 and 25 in the earlier periods, respectively. This suggested that some ribotypes have become predominant over time, whilst the less common ones have disappeared.
Ribotype 012, rarely reported from other areas of the world, comprised 5 % of our total isolates. Ribotype 078, thought to be an emerging epidemiological type with evidence to support zoonotic transmission (Jhung et al., 2008) , comprised 3.4 % of our isolates. However, due to the absence of clinical data, a history of animal contact could not be established. An initially unidentified ribotype was confirmed by the Anaerobe Reference Laboratory at Cardiff to be a novel ribotype, now designated ribotype 210. Ribotype 027 was not found in our study, although subsequent surveillance from all of Scotland suggests that the presence of this epidemiological type is now established and has risen from 1 % in 2006 -2007 to 12 % in 2007 (Health Protection Scotland, 2007 .
Antibiotic susceptibility
For all isolates, the MICs for the five tested antibiotics are given in Table 2 and resistance levels are summarized in Tables 3 and 4 . The majority of isolates were resistant to clindamycin (95.5 %); the next most prevalent resistances were erythromycin (14.0 %) and ceftriaxone (13.4 %). In keeping with previous reports (Drummond et al., 2003) , no resistance to vancomycin or metronidazole was detected.
Between the toxigenic and non-toxigenic isolates, the differences in observed resistances were not statistically significant for any of the antibiotics except erythromycin (10.9 % toxigenic isolates resistant compared with 28.1 % non-toxigenic isolates resistant, P50.002).
Over the three time periods, resistance to moxifloxacin has increased progressively ( In contrast to the moxifloxacin results, resistance to tetracycline has decreased progressively over the years (Table 5) , leading us to believe that the decline in the use of tetracyclines may have influenced this phenomenon. However, Schmidt et al. (2007) studied 317 C. difficile isolates (obtained from symptomatic patients from Leipzig, Germany, from 2002 -2004 and found that resistance to erythromycin, clindamycin, moxifloxacin and doxycycline increased during the short study period.
Ribotypes, antibiotic susceptibility and virulence
Thirty-two (17.9 %) and 14 (7.8 %) of the 179 isolates were resistant to two and three or more antibiotics, respectively. 1979 -1986 1987 -1995 -2004 Total 1979 -2004 2005 * 1979 -1986 1987 -1995 -2004 Total 1979 -2004 Of the latter, six were ribotype 012 (66.7 % of all ribotype 012) and four were ribotype 001 (50 % of all ribotype 001). Thus, these two types are frequently associated with multidrug resistance and this may explain in part their widespread prevalence in some of the time periods. Mutlu et al. (2007) reported that 95.4 % of their ribotype 001 isolates were resistant to three or more antibiotics. This may explain the higher prevalence of this type in their study. However, as both are now on the decline in this region (Health Protection Scotland, 2007) , they are either losing the advantage gained by multidrug resistance or other ribotypes have acquired increased virulence. No strain from our collection was found to be resistant to all of the antibiotics tested, although Mutlu et al. (2007) reported one isolate of ribotype 001 to be resistant to five antibiotics. Various studies have suggested that the virulence of C. difficile may depend on factors such as cytotoxin production (Rupnik et al., 2009) , the surface layer protein (Drudy et al., 2004; Merrigan et al., 2006) , the presence of binary toxin and the ability to sporulate (Freeman et al., 2005; Saxton et al., 2009) . Unfortunately, no reliable tests for virulence of C. difficile exist and thus were not performed in this study.
Studies that have looked into the differences between dominant and non-dominant ribotypes have reported a higher resistance in the dominant ribotypes as opposed to the non-dominant ones for some antibiotics. We compared antibiotic susceptibilities among the six commonest ribotypes (defined as those that had a prevalence of ¢4 % in the entire collection studied, i.e. ribotypes 002, 014, 012, 015, 020 and 001; Table 1 ). Resistance was found to be higher in the dominant ribotypes for tetracycline, moxifloxacin and ceftriaxone (P values of 0.016, 0.123 and 0.026, respectively; Table 6 ). However, although not statistically significant, resistance to erythromycin was higher among the non-dominant ribotypes (P50.29). Brazier et al. (2008) compared the differences between their commonest ribotypes (027, 106 and 001, considered to be epidemic strains) and non-epidemic strains and found that, although none were clinically resistant, there was a statistical difference between the mean MICs for metronidazole, which were higher for the epidemic strains. In addition, the epidemic ribotypes were more resistant to erythromycin and moxifloxacin. Mutlu et al. (2007) also found a higher resistance to ceftriaxone and moxifloxacin among their dominant ribotypes (001 and 106). However, as our isolates were selected to avoid duplication of strains from outbreaks, and included a different set of dominant ribotypes, the samples are not directly comparable with those from other studies.
A comparison between studies is also difficult due to the absence of universally accepted breakpoints to determine susceptibility among C. difficile isolates. The presence of the organism in the gut precludes the accurate interpretation of susceptibility to antibiotics whose criteria have been established for serum concentrations. In addition, most guidelines do not include susceptibility criteria for C. difficile. The breakpoints for moxifloxacin are not established, even for other anaerobes (NCCLS, 2004) . Wüst & Hardegger (1983) found that genetic transfer of antimicrobial resistance to clindamycin, tetracycline and erythromycin occurs via a non-plasmid-mediated mechanism. We attempted to determine whether the nontoxigenic isolates, presently considered to be non-pathogenic, played a role as a pool of antibiotic resistance. However, antibiotic susceptibilities of toxigenic versus non-toxigenic isolates did not show statistical differences for any antibiotic except erythromycin (10.9 % toxigenic isolates resistant compared with 28.1 % non-toxigenic isolates resistant, P50.002). This suggests that nontoxigenic isolates may undertake genetic exchanges with toxigenic isolates and act as a pool of antibiotic resistance whilst colonizing the normal gut, even though not causing active disease. The presence of non-toxigenic isolates in this collection, which was derived exclusively from symptomatic patients, also raises the query of whether non-toxigenic strains may have some pathogenic potential. The paucity of clinical data prevented us from investigating this hypothesis further.
An attempt was made to analyse the changes in antibiotic resistance over time for individual ribotypes. However, as there were only a few isolates of each ribotype in each time period, such trends could not be evaluated. The overall sensitivities of the common ribotypes (Table 4 ) did reveal some noteworthy observations. Ribotype 001 displayed maximum resistance, with 50 % of the isolates resistant to erythromycin, moxifloxacin and ceftriaxone, and 100 % resistant to clindamycin. Ribotype 012, which has remained prevalent throughout the years but with progressively decreasing numbers, also displayed substantial resistance to the tested antibiotics with 33.3, 88.9, 66.7 and 100 % of isolates resistant to erythromycin, tetracycline, ceftriaxone and clindamycin, respectively. Ribotype 014, although the second commonest ribotype overall, showed only 7.7 % of isolates resistant to tetracycline, 15.4 % to ceftriaxone and 100 % to clindamycin. The prevalence of ribotype 002 in our study was almost constant throughout the year groups (between 13.0 and 14.8 %), with resistance levels of 4, 4, 8 and 92 % to erythromycin, moxifloxacin, ceftriaxone and clindamycin, respectively.
Antibiotic pressures are likely to be driving the epidemiology of C. difficile in this region of Scotland. In the early years of this study, a variety of different epidemiological types existed. However, with the increasing use of antibiotics, some resistant ribotypes are emerging as dominant, whilst others are decreasing in incidence.
